The GnRH-antagonist 
Introduction
The number of oocytes ovulated each cycle is regulated precisely in humans and domestic ruminants and rarely falls outside 1-3. Although the exact mechanisms regulating the selection of ovulatory follicles from a much larger follicular cohort remain obscure, it is clear that selection occurs during the follicular phase when FSH concentrations are falling and LH pulse frequency is increasing (for reviews, see Baird 1983; Scaramuzzi et al, 1993) . However, the relative importance of these endocrine changes to the process of follicular selection is unclear.
There is a large body of data supporting a pivotal role for FSH in the control of follicular development (McNeilly et al, 1991) . For example, FSH alone (Picton et al, 1990a), but not LH alone (Picton et al, 1990b) , can stimulate the growth of follicles to a preovulatory size in ewes made hypo¬ gonadotrophic by long-term treatment with the GnRH agonist, buserelin. Baird (1983) hypothesized that the ability of a follicle to withstand the depression in FSH that occurs during the follicular phase is the central mechanism of follicle selection and dominance. However, while it is well established, direct evidence for this hypothesis is relatively scarce as it is difficult to depress FSH acutely and specifically. Experiments that use follicular fluid (McNeilly 1984; Henderson et al., 1986; Baird et al, 1990; Campbell et al, 1991a) or inhibin (Campbell et al, 1996) to depress FSH during the follicular phase in sheep are confounded by potential local actions of inhibin (Hillier et al, 1991; Campbell and Webb 1995) or other components of follicular fluid (Campbell et al, 1991a (Campbell et al, , 1996 Hunter et al, 1992 (Goodman and Karsch, 1980; McNatty et al, 1981; McLeod et al, 1982; McNeilly et al, 1982) or the increase in the release of endogenous LH that results from exposure to rams (Martin and Scaramuzzi, 1983 ). In addition, LH administered as a series of relatively high amplitude low frequency pulses can inhibit FSHstimulated follicle development in GnRH agonist-suppressed ewes (Picton et al, 1990b) , and immunoneutralization of basal LH by co-administration of LH antiserum also inhibits FSHstimulated follicle development (Picton and McNeilly, 1991 (Fig. 2) . The magnitude of this induced surge was lower than spontaneous FSH surges observed previously in these animals (Campbell et al, 1994 (Fig. 2) . However, there were no significant treatment effects on the characteristics of induced LH pulses (determined during periods of intensive blood sampling) or on the artificial LH surge and, as a result, these data were pooled across all groups. Injection of 2.5 pg oLH before sponge withdrawal resulted in pulses with an amplitude of 3.5 ± 0.5 pg P1 superimposed on a baseline of 0.2 ± 0.0 pg P1 with an overall mean (± sem) of 0.7 ± 0.1 pg P1 (n = 18). During the initial 24 h of the follicular phase, LH concentrations decreased (P < 0.05; Fig. 2 ) and intensive sampling showed that this decrease was a consequence of the decrease in LH pulse amplitude, with a single injection of 1.25 pg oLH 20 h after sponge withdrawal resulted in a pulse of 1.2 ± 0.4 pg P1 amplitude superimposed on a baseline of (n = 18). The magnitude and duration of the artificial LH surges were similar to those of spontaneous preovulatory surges in these animals (Campbell et al, 1994; Souza et al, 1997a (Fig. 2) . In contrast, ovarian steroid secretion in ewes that received FSH and pulsatile LH (group 2) was tenfold higher (P < 0.001) than it was in group 1 animals (Fig. 2) . In a pattern highly analogous to a normal follicular phase, this LH regimen resulted in a three-to fourfold increase (P < 0.05) in steroid secretion over the 'follicular phase' followed by an abrupt decrease (P < 0.001) coincident with the LH surge (Fig. 2) . However, these peak values were three-to fourfold higher than normal (Campbell et al, 1994) . Despite low basal steroid secretion in group 1 animals, daily LH challenges showed that the follicle population was highly steroidogenic and that there was no difference between groups 1 and 2 in the magnitude of the steroidogenic response to an LH challenge during the follicular phase (Fig. 2 insets) . However, within groups, pulsatile oestradiol and androstenedione secretion increased with time in group 2 (P < 0.05), but not group 1, animals across the follicular phase.
Inhibin. In contrast to the ovarian steroids, immuno¬ reactive inhibin secretion was unaffected by pulsatile LH and there was no difference between groups 1 and 2 during the follicular phase and post-surge period (Fig. 2) (Table   1 ). In contrast, the ovulatory response of the six animals that received the 3,2,1 pulsatile LH regimen after withdrawal of FSH (group 4) could be divided into two equal sub-groups. The data for these sub-groups are presented separately. In the first sub-group (group 4a; = 3), none of the animals ovulated in response to the LH surge, and the number of large follicles tended to decrease (P = 0.1) across the artificial follicular phase (Table 1 ). In contrast, animals in the second sub-group (group 4b; = 3) maintained the number of follicles, follicle diameter increased (P < 0.05) during the artificial follicular phase and ovulation occurred in response to the artificial LH surge. There was no evidence of recruitment of additional follicles over the artificial follicular phase. In contrast to the animals that received FSH for the entire follicular phase (groups 1 and 2), the animals that ovulated when FSH was replaced with low amplitude high frequency LH pulses in group 4b had ovulation rates (1-2) and subsequent peripheral progesterone values in the normal physiological range (5-10 nmol P1), indicating that some degree of follicular selection had taken place (Table 1) .
Steroid production. In group 3 animals, basal steroid secretion was low (< 1 nmol P1) and withdrawal of FSH had no effect on basal steroid secretion (Fig. 3) . However, more frequent sampling around an LH challenge revealed a marked increase in the pulsatile steroid response to an LH challenge with time (P < 0.01; Fig. 3 insets) . There were no significant differences between animals in sub-groups 4a and 4b in FSH, oestradiol or androstenedione concentrations during the initial 3 days of FSH infusion (Fig. 3) . After sponge withdrawal, ovarian steroid secretion fell transiently at 4 and 8 h in both sub-groups but, by 12 h after sponge withdrawal, it had recovered. However, from this point, the endocrine profiles of the two sub-groups differed; steroid concentrations remained stable in ovulatory animals (group 4b) but decreased (P < 0.05) in non-ovulatory animals (group 4a). Basal steroid concentrations in animals in group 4a differed from those of animals in group 3 and group 4b by the time of the artificial LH surge (P < 0.05) but did not differ from those of group 2 animals (Fig. 3) (Fig. 4) (Fig. 4) . Similarly, there was no difference between the groups in the pattern of LH (data pooled); injections of 2.5 and 1.25 pg oLH resulted in pulses with amplitudes of 2.9 ± 0.5 and 1.2 ± 0.4 pg P1, respectively, and the 180 mU tr1 infusion resulted in a preovulatory surge of 111 ± 20 pg P1 (n = 18).
Follicular and endocrine responses. Three days of FSH infusion resulted in the development of 2.6 ± 0.3 and 2.8 ± 0.1 large antral follicles of diameters 3.9 ± 0.1 and 3.8 ± 0.1 mm in groups A and B, respectively (n = 9). The number and diameter of large antral follicles did not change during the artificial follicular phase in group A (2.1 ± 0.2 follicles of 4.4 ± 0.2 mm diameter on day 2; = 9) but follicle diameter did increase in animals in group (2.3 ± 0.2 follicles, < 0.05; and 4.9 ± 0.1 mm diameter on day 2, < 0.01; = 9). Ultrasonography 6 days after the LH surge revealed that five of nine animals in group A and all nine animals in Group had formed corpora lutea ( < 0.05) but there was no difference in ovulation rates (1.7 ±0.2 versus 1.8 ±0.3 in groups A (n Comparison of oestradiol profiles in ovulating animals from groups A and showed that, while there was no difference between groups in basal or pulsatile oestradiol secretion at the time of sponge withdrawal, oestradiol concentrations differed (P < 0.01) during the initial 48 h of the artificial follicular phase (Fig. 4) . In animals in which FSH was withdrawn acutely at sponge withdrawal (group A), oestradiol concentrations decreased (P < 0.05) during the initial 12 h and then increased from 12 to 24 h of the 'follicular phase'. Thereafter, oestradiol concentrations remained stable until the expected decrease induced by the artificial preovulatory LH surge at 60 h after sponge withdrawal. In contrast, in animals in which FSH was withdrawn gradually (group B), oestradiol concentrations increased two-to threefold (P < 0.05) during the first 24 h of the 'follicular phase' and then decreased gradually over the following 48 h, so that oestradiol concentrations did not differ between the two groups at the time of the artificial preovulatory LH surge (Fig. 4) . Intensive blood sampling at 24 and 48 h after sponge withdrawal revealed that the difference in oestradiol secretion between groups A and was due mainly to an increase in oestradiol pulse amplitude (Fig. 4 inserts) . (Howies et al, 1994; Zelinski-Wooten et al., 1995) and cattle (Gong et al, 1996) . However, the observation that acute depression of FSH to below this threshold concentration leads to immediate onset of atresia of the large follicle population, a rapid decrease in ovarian hormone secretion and a decrease in the number of follicles provides unequivocal evidence that these follicles are critically dependent on FSH in ruminants. Furthermore, these results indicate that the follicular atresia (McNeilly 1984; Henderson et al, 1986 ) and the decrease in ovarian hormone secretion that result from treatment of ewes with steroid-free follicular fluid (Baird et al, 1990; Campbell et al, 1991a) or inhibin (Campbell et al, 1996) (Murphy et al, 1984) and rats (Armstrong et ah, 1989) , and the stimulatory action of FSH on follicular growth in GnRH-agonist suppressed animals (Picton et ah, 1990b). The most likely explanation for this discrepancy is the dose of LH used. In the present experiment, the doses of LH were chosen and confirmed to induce pulses of similar magnitude and frequency to those observed during a normal follicular phase (Campbell et ah, 1990) (Harper, 1988) (Soderstromanttila et ah, 1996; Fauser and Heusden, 1997) . Given the key endocrine roles of the steroids detailed above, it is possible that many of the deleterious effects of hyperstimulation on oocyte quality, sperm and oocyte transport and early embryo development (Hawk 1988; Armstrong 1993; Dawood 1996) can be attributed to the hypersteroidal endocrine environment resulting from these types of stimulatory regimen. Therefore, to attain a normal steroidal environment, it is likely that regimens would have to be developed that incorporate pure FSH in combination with sub-physiological doses of LH. In conclusion, the results of the present study show that both the decrease in peripheral FSH and the increase in LH pulse frequency that occur during the follicular phase are important to the process of follicle selection, in that FSHdependent follicles can withstand withdrawal of FSH by transferring their gonadotrophic requirement from FSH to LH if LH is delivered as a series of high frequency, low amplitude pulses. These data provide direct support for the hypothesis that the transfer of gonadotrophic dependence from FSH to LH is central to the mechanism of follicle selection.
